Abstract: The goal of this review article is to discuss the etiology of recurrent urinary tract infections (UTIs) in individuals with impaired bladder emptying, evaluate existing studies regarding UTI prevention strategies in this population, and explore the published experiences with intravesical therapy for the prevention and treatment of recurrent UTIs in patients performing clean intermittent catheterization (CIC). We will also describe the intravesical antibiotic protocol utilized at our institution.
Background and etiology
Recurrent urinary tract infections, defined as 3 or greater urinary tract infections (UTIs) in one year, or 2 or more UTIs in six months, are a common and costly public health concern (1) . Most of these infections are uncomplicated: they occur in a healthy host in the absence of urinary tract abnormalities. Recurrent uncomplicated UTIs can be addressed with a variety of interventions, such as behavioral modification, self-started antibiotic therapy or shortterm suppressive antibiotics, and the majority of these patients can be managed without referral to a specialist (2) . As urologists, however, we are often met with recurrent UTIs in patients with underlying structural and functional urologic abnormalities. Patients with incomplete or absent bladder emptying present a particular challenge, as both their pathologic processes and bladder management strategies may increase their susceptibility to infection. In this review, we will discuss the etiology of recurrent UTIs in individuals with impaired bladder emptying, evaluate existing studies regarding UTI prevention strategies in this population, and explore the published experiences with intravesical therapy for the prevention and treatment of recurrent UTIs in patients performing clean intermittent catheterization (CIC).
A variety of etiologies, from benign prostatic hypertrophy to urethral stricture disease, may result in a patient ultimately requiring catheterization for bladder emptying. Most of the published data regarding prolonged catheterization is drawn from patients with neurogenic bladder (NGB). Neurologic conditions leading to lower urinary tract dysfunction are diverse, with the most common being spinal cord injury (SCI), multiple sclerosis, cerebral vascular events and Parkinson's disease (3) . A recent observational study by Manack et al. of over 46,000 patients with a diagnosis of neurogenic bladder highlighted the burden that UTI in this population places on the health care system. In this study, between 29.2% and 36.4% of patients with NGB were diagnosed with lower urinary tract UTI annually. A quarter of patients required an ER visit and a third of patients were hospitalized, 21% of whom carried a diagnosis of UTI during admission. In another recent study, 81% of patients with SCI and NGB were diagnosed with a UTI over a 5-year period. Thirty-five percent of these patients met criteria for recurrent UTI, with 12% having 4 or more UTIs annually (4).
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Furthermore, sepsis from a urinary source accounts for 10% of mortality in patients with NGB (5). This number, while still high, actually represents a remarkable improvement in outcomes in the modern era: historically, renal failure and sepsis from a urinary source were the leading causes of death in patients following SCI (6) .
The etiology of urinary tract infections in the setting of neurogenic bladder is manifold. There are likely alterations in the intrinsic defense mechanisms of the bladder in this setting. Altered vaginal and urethral flora have been noted, with an over-representation of uropathogens (7) . A defective glycosaminoglycan layer has also been cited as a possible source for recurrent infections, which may be exacerbated by inflammation and bladder over-distention (8) . Immunological impairment has also been postulated, with studies demonstrating deficient mucosal immunity, impaired NK cell, B and T cell function, and defective urothelium that may result in absent apoptosis in response to intercellular signaling (9) (10) (11) . Bladder ischemia from either over-distension or poor compliance may result in increased risk of infection as adequate blood flow is necessary for host defense mechanisms to function (12) . From a mechanical standpoint, impaired washout also increases the risk of UTI. Regular voiding has been shown to be a highly effective mechanism for eliminating bacteria, and multiple studies have shown a correlation between elevated post-void residuals (PVR) and an increased risk of UTI, although the definition of elevated PVR varies widely (13) (14) (15) (16) . The use of catheters increases the risk of UTI in several ways. Firstly, they negate the protective effect of urethral length on prevention of UTI, specifically in the male. Secondly, they produce chronic inflammation, which may contribute to alterations in defense mechanisms such as the GAG layer (12) . Finally, bacterial biofilms may form even in the absence of indwelling catheters (17) . Microorganisms within a biofilm reproduce at a low rate, evading the bactericidal mechanisms of many antibiotic classes, and binding proteins on cell membranes, a common site of antibiotic activity, often have altered expression in this state. The protective extracellular matrix also resists penetration by both antibiotics and host immune mechanisms such as phagocytosis. In vitro studies have shown that bacteria in a biofilm can survive at antibiotic concentrations 1,000-1,500 times higher than planktonic bacteria (18) .
Existing strategies for UTI prevention
While we know that altered bladder physiology increases the risk of UTI, demographic and modifiable risk factors for recurrent UTIs in this population are poorly understood. No definitive findings exist regarding correlation between UTIs and hygiene or level of spinal cord injury. There is conflicting evidence regarding gender, and no studies have examined a link between domicile and infection risk (19) . CIC, first popularized in this population by Lapides, has been shown in multiple studies to decrease the risk of UTI when compared to indwelling catheters (19, 20) . Despite the benefits of CIC, bacteriuria still develops in 1-3% of patients per catheterization, and is present in the majority of patients by the third week of bladder management, with E Coli being the dominant species in most studies (21) . Specific to the CIC population, low frequency of CIC (<4× daily) and high mean catheterization volumes correlates with increased risk of bacteriuria (22) . A recent Cochrane review did not find any evidence that clean versus sterile catheterization, hydrophilic coated catheter versus traditional catheter, or catheterization by self versus other, incurred any benefit in preventing UTI in patients performing CIC (23) . Proper self-catheterization technique is extremely important. Studies have demonstrated a reduction in UTIs with the introduction of nurse-led CIC teaching alone (24) .
Prophylactic antibiotics and antimicrobial agents to prevent bacteriuria or symptomatic UTI while performing CIC have been met with variable success. Schlager et al. demonstrated half the incidence of symptomatic UTI in children taking nitrofurantoin prophylaxis over 11 months while performing CIC versus those who did not. The prevalence of bacteriuria remained high in both groups (74% of urine sample from placebo group versus 66% of prophylaxis group) (25) . A reduction in symptomatic UTIs with nitrofurantoin prophylaxis in the pediatric neurogenic bladder population performing CIC was also noted in a larger study by Johnson (26) . A Cochrane review published in 2012 evaluating urinary catheter policies for UTI noted that evidence for the use of prophylactic antibiotics in CIC was inconclusive. When compared to treatment with antibiotics when clinically indicated, only one of three studies analyzed showed a statistically significant difference favoring prophylaxis (27) . The urinary antiseptic methenamine, which is used in combination with urinary acidification, was not shown to be beneficial in preventing symptomatic UTI in a recent randomized control trial of patients with neurogenic bladder (28) . Similarly, the effectiveness of cranberry products in patients requiring either indwelling or intermittent catheterization have not been established (29) .
The cornerstone of managing recurrent UTIs in patients who perform CIC is culture-specific antibiotics. At our institution, low dose antibiotic prophylaxis, such as trimethoprim, concentrated cranberry supplementation or methenamine are initiated on a patient to patient basis taking into account risk factors, species of bacteria cultures, and patient anxiety/motivation. All patients who have underlying urologic or neurologic pathologies and recurrent UTIs would also undergo imaging to rule-out upper tract abnormalities or urolithiasis and urodynamics to assess bladder safety. In particular, we have found that successful treatment of urodynamic abnormalities such as detrusor overactivity or poor compliance frequently causes UTI symptoms to improve or resolve. For individuals without targetable or treatable findings, a trial of single-use catheters is undertaken. In addition, it is important to obtain urine cultures during symptomatic episodes in order to guide antimicrobial therapy. Unfortunately, certain patients will continue to report frequent UTIs, and the repeated courses of antibiotics subject them to adverse events and to the development of resistant organisms. In such situations, intravesical antibiotics may be a useful alternative measure.
Historical and contemporary use of intravesical agents
Instillation of bactericidal solutions into the bladder following catheterization for prevention of UTI dates back to the early 1960s. Interest in this approach was likely generated by its theoretical advantages-bypassing systemic antibiotic side effects and limiting its impact to bladder flora. Paterson first reported using 0.02% chlorhexidine solution in women with urinary retention following gynecologic surgery. In his prospective study, the use of chlorhexidine reduced the risk of postoperative UTI in patients requiring catheterization from 70% to 13.5% (30) . Initial reports were encouraging, and multiple studies demonstrated reduced rates of UTI using this method (31, 32) . Chlorhexidine also compared favorably to alternative bladder irrigation solutions. In a 1978 review, 0.02% chlorhexidine and 0.25% silver nitrate were both found to decrease bacterial counts in urine, while 0.25% acetic acid and normal saline did not substantially impact bacteriuria (33) . Chlorhexidine irrigation was also shown to improve the incidence of bacteriuria after transurethral operations. Ball and colleagues demonstrated a statistically significant difference in bacteriuria between a group of patients who received chlorhexidine irrigation following transurethral surgery versus those who did not (12.8% vs. 36.7%) (34) . While low serum levels of chlorhexidine were found in some patients, this did not meet the threshold of toxicity and no bladder damage was noted on cystoscopy. Unfortunately, further analysis showed an unacceptable rate of hematuria in patients with long-term use and examination of rat models exposed to intravesical chlorhexidine revealed erosive cystitis (31, 35) . Reducing the concentration of chlorhexidine prevented cystitis, but yielded insufficient bactericidal activity (36) 
SCI who used kanamycin/colistin instillations versus Trisdine, a stabilized form of 0.01% chlorhexidine plus EDTA. On statistical analysis Trisdine was found to be non-inferior to kanamycin, with 0.56% and 0.53% of catheterizations resulting in significant bacteriuria respectively (36) . Despite its promise in preventing UTI postoperatively and in limited inpatient settings, chlorhexidine irrigation could not eliminate pre-existing symptomatic infection (34) . Furthermore, none of these studies assessed long-term use for suppression of UTIs.
Aminoglycoside bladder instillations for prevention of bacteriuria after indwelling catheter placement were first described by Martin and Bookrajian in 1962. In their study, patients underwent continuous neomycin-polymyxin B irrigations while catheterized for an average of 2.7 days, and antibacterial solution did significantly delay the onset of bacteriuria (37) . A similarly designed prospective study by Thornton and colleagues involving 33 inpatients who required indwelling catheterization also showed a benefit to neomycin-polymyxin B irrigation in preventing bacteriuria, although this effect was limited to patients with initially sterile urine who were catheterized for less than 10 days (38). However, neomycin-polymyxin B irrigations were not successful in preventing symptomatic UTI in catheterized patients (39) . Haldorson reported the use of neomycin irrigation in the setting of intermittent catheterization. In a retrospective case-control study by his group in 1978, 108 adults with acute neurogenic bladder in an inpatient center were given an instillation of 0.1% neomycin after each catheterization. No significant difference in bacteriuria, the end point of the study, was noted between the treatment and non-treatment group (53% vs. 49%, respectively) (40) . In 1979, Rhame and Perkash also found non-utility using a Transl Androl Urol 2017;6(Suppl 2):S163-S170 tau.amegroups.com © Translational Andrology and Urology. All rights reserved. mixture of neomycin and polymyxin in the acute setting (41) . In a randomized control trial of 33 patients published the following year by Anderson et al., neomycin and polymyxin instillations were shown to incur a significant reduction in bacteriuria, although this effect was only seen in patients performing CIC and instillation of antibiotics 6 times daily versus 3 (42) . Serious concerns have been raised regarding the safety of intravesical neomycin, specifically in end-stage renal disease. A case report published in 1993 described the development of perception deafness in a pediatric patient with an augmented bladder and VUR following neomycin irrigations (43) . In 1995, Gerharz and colleagues published a case series of three women with end stage renal disease (ESRD) (CrCl <15 mL/min) who developed complete perception deafness, confirmed on audiogram, after undergoing several months of intravesical neomycin irrigations for recurrent UTI. It is noteworthy, however, that at no time in their treatment did these women have serum levels of neomycin tested (44) .
Evidence for kanamycin and colistin instillations are similarly limited. Pearman found that the incidence of significant bacteriuria was halved in 47 in-patients with NGB using intravesical instillations of 150 mg kanamycin plus 30 mg colistin after each catheterization versus controls in a prospective study in 1979 (45) . Of note, bacteria cultured from patients who had used the antibiotic solution demonstrated significant resistance to both agents. More recently, a randomized trial of perioperative kanamycin instillation in non-infected patients undergoing renal transplant was performed (46) . There was a decrease in post-operative UTIs in the treatment group, however it is difficult to generalize this finding to a broader patient population. From a safety standpoint, a study using rats demonstrated ulcerative cystitis and severe irritation with continuous kanamycin and colistin irrigations in 76% of animals intervened upon. This concern does not appear to have been clinically relevant in humans, as no macroscopic hematuria occurred in over 30,000 instillations performed by Pearman's group (47) .
Gentamicin sulfate (GS) is a bactericidal aminoglycoside that was first synthesized from Micromonospora purpurea in 1963 (48) . Its mechanism of action is to inhibit protein synthesis at the 30s ribosomal subunit. It is primarily renally excreted and has a half-life of 2-3 hours with parenteral dosing. Common side effects include ototoxicity and nephrotoxicity (49) . The use of intravesical gentamicin irrigations for prevention and treatment of recurrent UTIs was first reported by McGuire and Savastono in 1987. Four women with recurrent UTIs and elevated PVRs without a history of neurologic diseases were included in their case series. They initially used 4.8-7.2 mg of gentamicin following each catheterization for a maximum daily dose of 28.8 mg. All urine cultures remained sterile during an average of 42 months of treatment. To evaluate systemic absorption, they performed an animal study using a canine model, and did not show detectable levels of gentamicin even after surgical creation of vesicoureteral reflux (VUR). Lastly, they demonstrated the stability of gentamicin solution at room temperature for at least three weeks by demonstrating stable tube dilution sensitivities when compared with fresh gentamicin solutions (50). Wan et al. expanded upon these findings, specifically regarding the stability and safety of intravesical gentamicin sulfate irrigations. Their study design was tripartite. They first performed animal studies to evaluate absorption of gentamicin in the inflamed bladder. Using a previously designed fulgurated, infected rat bladder model, they showed that, while 43% of animals had detectable serum levels of gentamicin, they all were within a low, non-toxic range (4-12 ng/mL). Repeating this experiment in a canine model, no animals had detectable serum gentamicin levels or changes in creatinine. They subsequently described their findings in humans. In a sample of 10 pediatric patients with neurogenic bladder, three of which had VUR and 3 of which had reconstructions of their urinary tract using bowel, no detectable serum levels or changes in renal function were noted after intravesical use of 14.4-28.8 mg of GS. No resistant organisms were found after treatment, and all had negative cultures at two months. Lastly, in vitro evaluation of the stability and efficacy of gentamicin showed equivalent zones of inhibition of common uropathogens after two months of room temperature storage when compared to fresh solution (51). In 2006, Defoor and colleagues produced the largest prospective series to date. Their study included 80 neurogenic pediatric patients, who underwent intravesical gentamicin irrigations for either long-term suppression after failing oral antibiotics or acute treatment of UTI with an organism resistant to oral antibiotics. Half of these patients had prior urinary tract reconstruction with bowel. Their irrigation protocol was 14.4 mg gentamicin once or twice daily instilled into the bladder after catheterization. Twenty-six percent of their patients had breakthrough infections while on chronic suppression, 24% of whom grew organisms resistant to gentamicin. No breakthrough or persistent infections were seen in the acute UTI treatment group. In terms of safety, no serum gentamicin levels greater than 0.4 ng/mL were found, which is on par with normal trough values. Two patients were noted to have small increases in their creatinine, but both had pre-existing renal dysfunction and these values were thought to be progression of their underlying kidney disease. No electrolyte abnormalities or tinnitus were reported (49) . Furthermore, as noted in this study, urine concentrations of 480 μg/mL were achievable with intravesical instillation, which is more than twice that achieved through parenteral administration (50-200 μg/mL) (49) . There are few contemporary studies in the adult population. A case series of two women with urinary retention and recurrent UTIs by Van Nieuwkoop using a higher dose of intravesical gentamicin (80 mg daily), showed negative cultures during 8 and 9 months of treatment and no clinical side effects (52) . Of note, gentamicin remains the only agent for which substantial series exist in which intravesical therapy was used for treatment of UTI, as all data regarding other antibiotics is limited to individual case reports (53) (54) (55) .
There are several promising avenues for ongoing research in intravesical therapy for recurrent UTIs. A recent retrospective European trials showed a decrease in UTI recurrence in women undergoing intravesical instillation of hyaluronic acid and chondroitin sulfate (56) . The proposed mechanism is restoration of the glycosaminoglycan layer which is disrupted by inflammation. This approach has the advantage of avoiding antibiotic use. The efficacy of this therapy in patients requiring CIC however has not been addressed. Bacterial interference, the introduction of non-virulent bacterial strains to prevent colonization by uropathogens, has also shown promising results. In patients with incomplete bladder emptying, inoculation with E. coli 83972 via catheter incurred both an increase in time to UTI and a decrease in number of UTIs over a 12-month period (57) . A subsequent study specifically looking at the role of nonpathogenic E Coli inoculation in the spinal cord population also showed a decrease in UTIs per year (58) . One can anticipate that the options for local therapy will expand as our understanding of the interplay between host defenses and the urinary microbiome continues to develop.
Suggested intravesical antibiotic strategy
At our institution, intravesical gentamicin irrigation is commonly used in patients who already require CIC and are suffering from either recurrent UTIs or UTIs that are resistant to oral antibiotics. We use a compounded formulation of 480 mg diluted in 1 L normal saline. After the bladder has been drained, 30-60 mL (14.4-28.8 mg) of the solution is instilled in the bladder using gravity, generally at the last catheterization of the evening. The goal is to achieve at least one hour of dwell time. Patient and caregiver instruction regarding technique is led by urology clinic nurses from a standardized education protocol ( Table 1) . A retrospective review of our experience was recently performed. Twenty-two patients with recurrent UTIs who required CIC were included in our analysis. Each patient was started on a daily regimen of 14.4-28.8 mg of intravesical gentamicin. Prior to initiation of therapy, these patients had a mean of 4 UTIs and 3.5 courses of antibiotics in the preceding 6-month period. After starting gentamicin irrigations, this was reduced to one symptomatic UTI and one course of antibiotics over the same time period. No statistically significant difference in intravenous antibiotic administration, hospitalization or emergency department visits were noted due to low numbers of events, however, there was a decrease in telephone encounters for UTI concerns. Interestingly, multidrug resistant organisms in patients' urine cultures actually declined overall while on intravesical gentamicin, and no increased resistance to gentamicin itself was seen (59). This protocol is typically reserved for patients already performing CIC. Rarely, we will introduce this approach in neurologically intact patient with recurrent UTIs and normal bladder emptying who are willing to catheterize. Anecdotal evidence exists for use in patients with indwelling catheters using catheter plugs, however, the benefits must be weighed against the theoretical risk of sepsis with an occluded indwelling catheter. Twice daily instillation may be used for an acute UTI, and may provide an attractive option in the setting of a multi-drug resistant organisms that would otherwise require intravenous antibiotic use. However, evidence regarding this approach is sparse.
Conclusions
Recurrent UTIs in patients requiring long-term bladder management for incomplete emptying, specifically in those with neurogenic bladder, present a unique challenge to urologists. While many strategies to combat the high incidence of bacteriuria and symptomatic UTI in this population have been studied, the only conclusive data remains the importance of frequent, properly performed CIC. The evidence for use of prophylactic oral antibiotics and antimicrobial agents is conflicting. Series evaluating antibiotic and antiseptic instillations have historically been of poor quality, and concerns regarding safety have arisen. Gentamicin remains the best studied of these agents, and is the only intravesical treatment that has shown efficacy in both the prevention and treatment of urinary tract infections. No systemic side effects have been reported, the solution is stable at room temperature for several months, and development of antibiotic resistance has been minimal. At our institution, it remains a mainstay for combating this difficult problem.
